The deformation mechanisms and fatigue behavior of prestrained Inconel 718 superalloy under fully-reversed fatigue were investigated at room temperature. Uniform gage section specimens were monotonically strained initially in either tension or compression up to 2% strain. Fullyreversed fatigue tests were subsequently conducted both on as-machined (no prestrain) and monotonically prestrained specimens in total strain control at a strain range of 0.8%. All tests were conducted in a computer-controlled servohydraulic test system at room temperature. Evolution of stress ranges and mean stresses observed during the fatigue tests on as-machined and prestrained specimens are reported. The specimens were sectioned and examined in a transmission electron microscope to reveal the deformation mechanisms under different types of loading.
Introduction
The nickel-base, age-hardenable superalloy, Inconel 7 18 (IN71 8) is used as a structural material in a wide range of industrial applications. Some examples of the applications within the aerospace industry include gas turbine engine components (1) and powerhead components for the Space Shuttle Main Engine (2) . The extensive usage is due primarily to the good mechanical properties (tensile strength, fatigue endurance, and rupture strength), corrosion resistance, and outstanding fabricability (resistance to post-weld cracking) of the superalloy (3) . In the past, several investigations were conducted on the metallurgical aspects (4-S), tensile properties (9) , fatigue behavior (1 O-l 2), and deformation mechanisms (5, 6, 10, 11, 13) of the material under monotonic and cyclic loads. More recently, the room temperature fatigue behavior of IN 718 subjected to tensile and compressive prestrains was investigated by Kalluri, Halford, and McGaw (14, 15) . The room temperature deformation and damage mechanisms in IN 7 18 were documented in detail by Kalluri et al. (16) and serrated flow occurring in IN 718 during strain controlled fatigue at room temperature was examined by Bhanu Sankara Rao et al. (17) .
In the present study, the deformation mechanisms occurring under monotonic compressive strain, monotonic compressive strain followed by fully-reversed fatigue, and monotonic tensile strain followed by fully-reversed fatigue in IN 718 are reported and compared to one another. Comparisons are also made with previously reported results for monotonic tensile strain, fullyreversed fatigue with no prestrain, and tensile prestrain followed by fully-reversed fatigue conditions. Evolution of the stresses (ranges and means) and the observed fatigue lives for all the conditions are compared. Life is estimated by two models for each fatigue test condition and the results are discussed.
Background
Material IN 718 used in this study was purchased in the form of wrought bars (3 1.8 mm dia.). The material was manufactured as per Aerospace Materials Specification 5663D. The chemical composition (weight percent) of the superalloy is as follows: 0.002 S; 0.004 B; 0.006 P; 0.034 C; 0.05 Cu; 0.07 Si; 0.12 Mn; 0.39 Co; 0.57 Al; 0.95 Ti; 2.87 MO; 5.19 Nb+Ta; 17.52 Cr; 53.58 Ni; balance Fe. The material was solution annealed (1 hr. at 954°C followed by water quenching) and thermally aged (8 hrs. at 718°C followed by furnace cooling to 621°C and 10 hrs. at 621°C) by the manufacturer. Optical microscopy conducted on the as-received material revealed equiaxed grains with an average grain size of 10 pm. At room temperature, the as-received material exhibited the following average tensile properties: a) 0.2% offset yield strength: 1140 MPa, b) ultimate tensile strength: 1410 MPa, and c) percent reduction in cross-sectional area: 43.3 (16) .
Metallurgical Aspects
Microstructure of the as-received material was examined with transmission electron microscopy (TEM) and the different phases observed in the alloy were reported in detail previously (16) . The main strengthening intermetallic phase in this material is y" with a volume fraction of 15-20%. In IN 718, y" precipitates coherently as ellipsoidal, disc-shaped particles on { 100) planes of the fee matrix (4-7). Another intermetallic phase, the coherent fee y' with a volume fraction of 4% also contributes to the strength of . Needle-shaped precipitates of orthorhombic 6 phase and continuous networks of niobium-rich carbides observed on grain boundaries in the as-received material were also previously reported (16) .
Mechanical Testing
Test specimens with a uniform gauge section diameter of 6.3 mm were machined from the wrought IN 718 bars. The final polishing marks for all the test specimens were in the longitudinal direction. All the mechanical testing was performed in ambient air at room temperature in a computercontrolled, servohydraulic test system. An extensometer with a gauge length of 12.7 mm was used to measure the strains in the uniform gauge sections of the specimens. Monotonic straining in either tension or compression and fully-reversed fatigue testing were performed with materials testing software (18) . Additional details on mechanical testing procedures and comprehensive fully-596 reversed, strain-controlled, fatigue data bases generated on as-machined and prestrained (tension or compression) were documented elsewhere (14, 15) . The test matrix used for the present investigation is shown in Table I . Initially, specimens were monotonically strained in axial tension or compression to 2%. Fully-reversed fatigue tests were then conducted in axial strain control at a frequency of 1 .O Hz on as-machined and prestrained specimens. A total axial strain range of 0.8% was employed for all the fatigue tests and failure was defined as separation of the test specimen into two pieces. Test conditions and the experimentally observed fatigue lives are indicated in Table I . 
Results

Evolution of Cyclic Stresses and Fatigue Lives
The stress ranges and mean stresses observed during the fatigue tests on as-machined and prestrained specimens are depicted in Figs areas of the prestrained specimens were properly taken into consideration while computing these stresses. In general for a majority of the life, IN 718 in the as-machined and prestrained conditions cyclically softened, however, a small amount of initial hardening occurred in all the specimens. The evolution of stress ranges for both the tensile and compressive prestrained specimens are nearly the same and stress ranges in both the cases are lower than the stress range observed for the asmachined specimen. A similar result was previously observed by Kalluri et al. on a 10% tensile prestrained specimen tested subsequently in fully-reversed fatigue at a strain range of 0.8% (16) .
The specimen with no prestrain developed small magnitude compressive mean stresses during fatigue (Fig. 2) . However, specimens prestrained both in tension and compression developed mean stresses of large magnitudes during the subsequent fatigue loading. The specimen prestrained in tension exhibited tensile mean stress, whereas the specimen prestrained in compression developed compressive mean stress. The fatigue life of tensile prestrained specimen was lower than that observed for the specimen with no prestrain by more than a factor of 10. The fatigue life of compressively prestrained specimen was not significantly lower than that observed for the specimen with no prestrain. This result is not unexpected because in general tensile mean stress leads to a debit in fatigue life, whereas compressive mean stress generally leads to enhanced fatigue life. In the case of IN 7 18, even though the compressive mean stress was of the same order of magnitude as the tensile mean stress, which caused a significant debit in fatigue life, no improvement in fatigue life was observed for the compressively prestrained specimen.
Deformation Mechanisms
Samples for TEM investigations were obtained from the gauge sections of the tested specimens. Details of sample preparation were previously reported by Kalluri et al. (16) . The deformation mechanisms observed in a specimen deformed to 2% monotonic tensile strain and another specimen subjected to 0.8% fully-reversed strain range were also reported earlier (16) . However, some of the results are included in this paper for direct comparison with the deformation mechanisms observed under monotonic compression, compressive prestrain followed by fullyreversed fatigue, and tensile prestrain followed by fully-reversed fatigue.
Monotonic Tensile Strain. In the sample subjected to 2% tensile strain, deformation in multiple planar arrays (Fig. 3a) , dislocations, and dislocation pairs (generally associated with y" particles; (6) is an indication of shearing of ordered particles (y") by glide dislocations (6) . Closer examination of the sample clearly revealed active interactron between the deformation bands and intragranular y" (Fig. 3~) .
Monotonic Compressive Strain. Deformation in planar arrays (Fig. 4a) and dislocations in the vicinity of a network of niobium-rich carbides near a grain boundary (Fig. 4b) were observed in the sample subjected to 2% compressive strain. In addition, dislocation tangles in the matrix (regions between deformation bands; Fig. 4c ) and dislocations adjacent to the grain boundaries (Fig. 4d) were noticed. The dislocations near the grain boundaries appeared to be almost parallel to the grain boundaries. Such a dislocation arrangement was not observed in the sample subjected to 2% monotonic tensile strain and its significance is discussed later in the paper. Fullv-Reversed Fatigue INo Prestrain). In the specimen fatigued at a strain range of O.S%, dislocation pairs (evidence of y" shearing), pile-up of dislocations near grain boundaries, and coplanar slip were previously observed (Figs. 5a and 5b) . A well-defined slip band that continued into an adjacent twin across the boundary was also noticed in the same specimen (Fig. 5~) . At room temperature under fatigue, the deformation in IN 718 predominantly occurs in planar slip bands after initial shearing of y" particles. Successive shearing of the y" particles during subsequent cycling tends to reduce their size and decreases the resistance offered by these particles to the movement of dislocations within the slip band (16) . The trailing dislocations in the slip band are less likely to encounter any ordered y" and this mechanism leads to a planar arrangement of dislocations within the slip band ( Fig. 5a and 5~ ). Such planar arrangement dislocations was reported by Bhanu Sankara Rao et al. (17) in solution annealed IN 718 (which is devoid of any y" particles) tested at room temperature in strain-controlled fatigue. Some deformation bands in the fatigue specimen tested at a strain range of 0.8% did not contain any discernible 7" particles ( Fig.  5d) . Planar slip and precipitate-free deformation bands were also observed by other investigators in IN 718 tested at room temperature in fatigue (10, 11, 13) . The cyclic softening observed during fatigue testing of as-machined and prestrained specimens is due to the "mechanical scrambling" of the y" precipitates within the slip bands (16) . Tensile Prestrain Followed bv Fatigue. In the specimen tested at a strain range of 0.8% after a prior tensile deformation of 2%, well-defined, co-planar slip bands (Fig. 6a ) and deformation in multiple planar arrays (Fig. 6b) were observed. The regions between the slip bands were relatively free of any dislocations or dislocation tangles indicating that the deformation during the subsequent fatigue portion of the test was confined primarily to the deformation bands activated during the tensile prestrain.
Compressive Prestrain Followed bv Fatigue. Deformation bands with dislocations tangles (Fig. 7a ) and dislocations and dislocation pairs (Fig. 7b) were observed in the specimen tested at a strain range of 0.8% after a compressive prestrain of 2 / . O o The presence of dislocation pairs indicates that the y" shearing mechanism is activated during the subsequent fatigue cycling. As in the case of the specimen subjected to 2% monotonic compression, dislocation tangles in the regions between deformation bands (Fig. 7c) and dislocations in the vicinity of a grain boundary were also observed (Fig. 7d) . The deformation substructure created by the monotonic compression appears to prevail even after subsequent fatigue cycling. Table II for the prestrained specimens. Fatigue lives were estimated both without (columns LDR and DCA in Table II ) and with (columns LDR&SWT and DCA&SWT) the consideration of mean stress effects. In the case of the tensile prestrained specimen, the best life prediction was obtained by the DCA&SWT method. However, fatigue lives estimated by LDR and DCA methods were within a factor of two of the experimentally observed life for the specimen prestrained in compression.
Discussion
At room temperature, under monotonic tension and compression, deformation occurred in planar arrays in IN 718. Dislocation pairs observed under monotonic tension are generated when two glide dislocations pass successively through ordered y" precipitates (5, 6, 16) . Selective pathways for the movement of dislocations are established within a slip band as more y" precipitates are sheared with additional deformation. Such a localization of dislocations in slip bands under monotonic tension can lead to inhomogeneous deformation. Under monotonic compression, other deformation mechanisms such as dislocation tangles in the regions between deformation bands and dislocations near grain boundaries were also noticed. These observations indicate that deformation under monotonic compression is not as inhomogeneous as that observed under monotonic tension.
Under fully-reversed fatigue without any prestrain, passage of dislocations within the slip bands tends to continuously shear the strengthening y" precipitates in IN 718 and as a consequence reduce their size with additional cycling. This phenomenon identified as "mechanical scrambling" of y" precipitates by Kalluri et al. (16) causes the observed cyclic softening and leads to the precipitatefree deformation bands. Cycling softening in precipitate-strengthened superalloys (Waspaloy and Nimonic 80A) due to shearing of precipitates (22) and precipitate-free deformation bands in IN 7 18 (10, 1 1,13) were reported by other investigators. The lower stress ranges observed in fatigue tests on the 2% prestrained specimens (Fig. 1 ) are a consequence of the shearing of y" precipitates in a few selective slip bands during the prior monotonic strains. In the tensile prestrained specimen tested subsequently in fatigue, the deformation was very inhomogeneous and was confined mainly to the well-defined deformation bands activated during prestraining. Such a localization of deformation can cause stress concentration regions near grain boundaries due to dislocation pile-ups and these regions can evolve into crack initiation sites, thus lowering the fatigue life of the specimen. The observed fatigue life of the tensile prestrained specimen was indeed lower by more than a factor of 10 than that observed for the specimen with no prestrain (Table I) . Even though y" shearing mechanism was active in the compressively prestrained specimen tested subsequently in fatigue, the deformation was not confined only to well-defined slip bands. Evidence of dislocation tangles in the regions between deformation bands and presence of dislocations along the grain boundaries indicate that deformation in the compressively prestrained specimens is more homogenous compared to the tensile prestrained specimen. This additional homogenous deformation reduces the propensity for the occurrence of stress concentration regions and crack initiation sites, which translates into a lower debit on fatigue life. In fact, the fatigue life of the compressively prestrained specimens was not significantly lower than that observed for the specimen with no prestrain.
The prestrains investigated in the present study simulate those imposed on the materials during proof testing, accidental overload, or autofrettage. Their influence on subsequent fatigue life is likely to be different from that resulting from the prestrain imposed during cold working, for example, by swaging. In the present study, the mean stresses generated during fatigue in a prestrained specimen were dictated by the direction of the initial prestrain. Tensile mean stress observed for the tensile prestrained specimen reduced the fatigue life by more than a factor of 10, whereas the compressive mean stress observed for the compressively prestrained specimen did not reduce the fatigue life in a significant manner (Table I) , For the tensile prestrained specimen, fatigue life predictions without mean stress consideration were unconservative (Table II) . A combination of the DCA & SWT method provided the best life prediction indicating that both nonlinear damage accumulation and tensile mean stress influence must be considered for realistic life estimations. Life predictions by LDR and DCA without any consideration for the mean stress influence were within a factor of two for the com@ressively prestrained specimen. However, for the same specimen inclusion of the mean stress effect through the SWT parameter yielded very unconservative estimates of fatigue life, which indicates the SWT overestimates the beneficial influence of compressive mean stress on fatigue life, For accurate fatigue life predictions, the 604 influences of tensile and compressive mean stresses on the fatigue life of IN 718 need to be properly characterized.
Conclusions
The conclusions drawn from the present study on Inconel7 18 at room temperature under monotonic tension, monotonic compression, and fully-reversed fatigue on as-machined, tensile and compressively prestrained specimens are as follows:
1) Deformation in In 718 under monotonic tension and compression occurred by planar arrays. Presence of dislocation pairs indicated shearing of y" precipitates as an active mechanism. Under monotonic tension deformation was more inhomogeneous than under monotonic compression, where dislocation tangles in the regions between deformation bands and dislocations near grain boundaries were observed.
2) In fatigue of as-received and prestrained specimens, deformation occurred primarily by co-planar slip. Cyclic softening observed during fully-reversed fatigue is due the repeated "mechanical scrambling" of y" precipitates, which reduces their size and consequently the resistance offered to dislocation movement in slip bands. The observed reduction in the fatigue life of the tensile prestrained specimen compared to the fatigue life of the as-machined specimen is attributed to inhomogeneous deformation that increases the materials susceptibility to microcracking. The deformation in the compressively prestrained specimen was relatively more homogeneous, which reduces the propensity for microcracking, and the fatigue life of the specimen was only slightly lower than that observed for the specimen with no prestrain.
3) Realistic estimation of fatigue life a.fter prestraining requires a nonlinear fatigue damage accumulation model and a technique to account for the influences of both tensile and compressive mean stresses on fatigue life.
